In this study, practical assembly methods are developed to connect fibers to photonic chips. In contrast to trial and error efforts using laser hammering or mechanical bending approaches, we introduce the integration of laser-assisted mechanical micro-scale deformation within the module itself. The technology is based on introducing a locally compressive plastic strain into the fiber supports. We can then obtain a predictably adequate correction of the pre-aligned fibers, a necessary step because during the fixation process degradation of the aligned positions can occur. We manufacture modules for single fiber configurations and more advanced modules for fiber-array configurations. We have also started numerical simulations of laser-adjusting to investigate further design aspects.
Introduction
The alignment requirements for lensed fiber tips related to planar waveguides are very tight, typically in the submicrometer range. This requirement can be met using commercially available manipulation systems. However, fixation of the optimum position is a much greater challenge. This is because two main problems can cause degradation of aligned positions: 1) When laser welding is used to fix the aligned positions, the metal parts fuse together upon solidification to form a weld joint. However, shrinkage forces develop during this solidification. Consequently, the shrinkage forces produce misalignment, known as the post-weldshift (PWS). 2) When the tools necessary for the alignment of the components are released, the internal stresses between the aligned components are relieved, resulting in deviation of the positions. We will refer to this as the post-release-shift (PRS).
During the last decade, different kinds of fiber-clip designs were invented for applications in butterfly-type packages [1] . In all designs, both PWS and PRS are compensated for as much as possible by using laserhammering techniques. With this technique, re-adjusting already welded parts is executed by repeatedly re-welding the parts using asymmetric laser pulses. Another strategy is to deform the welded parts using mechanical forces in order to bend the components into the optimum position. However, the yield produced using these methods is unknown.
Within the COBRA Research Institute, we investigate alternatives for the accurate pigtailing of optical chips in order to implement new prototype devices in systemrelated areas. Our preference is to use laser contraction techniques that allow for a well-controlled step-by-step alignment approach across a broad range of fiber alignment applications.
Laser adjust process
The alignment of the fiber tips is based on introducing a locally compressive plastic strain in the material of the fiber-supports. The local strain is generated by irradiating certain parts of the fiber-support at the lower output energies of a Nd:YAG laser welder. Masubuchi [2] describes in detail the transient thermal stresses of a beadon-plate weld, produced by the movement of a welding arc. Similar stresses are produced when a steady laser beam produces a circular and local weld pool.
In brief, assume that a metal sheet, as sketched in figure 1 (a), is part of a fiber-support. Both in-plane stress distributions (ox) and (Oy) are equal to (0) and the initial stress in the sheet is considered to be zero. The tensile and compressive stresses are defmed as presented in Fig.  1 (a) . In Fig. 1 (b) , a laser pulse is illustrated that heats up the material locally and causes the local temperature to reach the melting point of the material. The molten metal will not support a load and therefore the thermal stresses in the center of the molted metal are close to zero. The surrounding non-heated material obstructs the thermal expansion of the heated area, whereas the yield strength decreases rapidly above 300°C. This results in a situation where the thermal stresses are as high as the yield stresses at the corresponding temperature profiles, and are symmetrical around the center of the heated area. Consequently, plastic deformation of material occurs and the stresses generated in this region become compressive. The compressive stresses are in balance with tensile stresses in the regions further away from the heated center, as illustrated in Fig. 1 (b) . After the heated part of the material has cooled down to room temperature, contraction arises from the plastic deformation, generating residual tensile stresses in regions in the heated area of the metal sheet [ Fig. 1 (c) ]. The residual tensile stress then generates a locally compressive plastic strain.
To investigate this thermal-mechanical interaction we simulate laser adjustment using the commercially available software MSC. Marc Mentat. A thin metal sheet with dimensions of 10 x 1 x 0.25 mm is shown in Fig. 2 (a). Due to symmetry conditions, only one-half of the spot heating is analyzed using the weld fill option. Both the weld filler and the base material of the sheet are of the same steel material. The temperature dependencies of mechanical properties, like Young's modulus, the coefficient of thermal expansion, yielding, and the TimC''' lO~f errule. The combination of the fiber ferrule (1) and tuning frames (3) is aligned using a pneumatic pair of tweezers and subsequently welded to the solid subsupport (2) at positions (P) and (P'), where the back part position (P') is not visible in Fig 4 (a) . The two mounting positions, P and p', act as pivot points for the fiber ferrule. This allows for the realization of a predictable two-dimensional fine-tune mechanism of the fiber tip using laser adjusting on both tuning frames (3) . The definition of the coordinate system and the displacement of the fiber tip as a function of a certain heated position at the tuning frames are given in Fig. 4 (b) .
thermal properties of specific heat and conductivity are considered here. Due to the stirring effect of the molten metal, the thermal conductivity is increased to a high value of 120 W/m 2 K beyond the melt temperature [3] , [4] , [5] . Solid-liquid transition is accounted for by providing a latent heat of fusion of 250 kJ/kg with a solidus temperature of 1370°c and a liquidus temperature of 1400°C. A convection film boundary condition is applied to all edges of the sheet as well as to heat transfer to the surroundings, caused by radiation. The sheet is fixed in the X-, y-, and z-directions at the edge A, and over the length L in the y-, and z-directions [see Fig. 2 (a)]. The initial temperature is 30°C and at T= 100 ms, a volumetric weld flux pulse with a pulse duration of 5 ms and an energy of 2 J is applied to the weld filler as a boundary condition. The weld radius was taken as 0.5 mm and the efficiency of the energy transfer between the laser pulse and the sheet was taken to be 70 % [5] . The calculated temperature distribution, which is generated directly after the laser pulse, is shown in Fig 2 (a) . The temperature and corresponding stress distribution calculated over the length L of the metal sheet is shown in Fig. 2 (c) . The residual tensile stress distribution after the heated part has cooled down to room temperature is shown in Fig. 2 (d) . As a result, the calculated displacement of node 1519 [denoted in Fig. 2 (a) ], as a function of time, is given in Fig 2 (b) . During the laser pulse duration of 5 ms, the expansion in the metal sheet of 5.2 flm is calculated. Following this, after cooling down to room temperature, the net displacement from the initial position is 2.6 flm. This basic model of laser adjusting will be further implemented in advanced design models in order to explore aspects of design related to optoelectronic modules.
An example of a practical laser-adjust experiment is shown in Fig. 3 
Applications of laser adjustment in micro-modules
To apply this technology, metal sheets or tuning frames must be implemented in micro-systems so that manipulation of the fibers can be executed. An overview is given in the next Section for single fiber and fiber-array configurations.
Single fiber configurations
An example of a mechanical micro-system designed for one fiber is shown in Fig. 4 (a) and consists of three elements: (1) a fiber ferrule including the fiber, (2) a solid sub-support and (3) two tuning frames, already mounted at an angle of 90°relative to each other and to the fiber 
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Dummy modules are fabricated to investigate the PWS and PRS, the range of manipulation, the step-size, and to verify the direction of fiber ferrule manipulation as a function of the heated position at the tuning frames of the micro-system. The magnitude of the PWS is on the order of 5 Jlm, while the contribution of the PRS is somewhat lower. The range that can be adjusted is approximately 20 Jlm and is sufficient to compensate for the PWS and PRS. By reducing the laser energy, step sizes of 0.1 Jlm are measured. In general, we observed the trend as described in Fig 4 (b) . The position of the fiber ferrule is measured continuously in the linear Bx and By directions, located at the opposite position of the fiber tip as shown in Fig. 4 (a) . An example of a laser-adjustment process is visualized in Fig 5. The shift of the fiber ferrule caused by PWS is 0.1 Jlm and 5.2 Jlm in the lateral Xand transverse Y-direction, respectively. After disconnecting the pneumatic tweezers, we measured an additional shift of 1.4 Jlm and 2 Jlm in the X-and Ydirections. After seven laser shot adjustments, the fiber ferrule was manipulated back to the initial position. At the moment of writing this paper, we are working towards the integration of this principle with two fiber connections, which are oriented opposite to each other in order to pigtail quantum-dot based semi-conductor optical amplifiers [6] . (1) fiber ferrule including fiber, (2) solid sub-support, and (3) two tuning frames already mounted to the fiber ferrule (1). The fiber ferrule and tuning frames combination is aligned using pneumatic tweezers and permanently welded at positions P and P'. These positions act as a pivot point, using laser-adjustment to create a predictable two-dimensional fine-tune mechanism. (b) The displacement of the fiber tip in the +X, -X, +Y, and -Y direction as function of the laser-adjusted positions executed at the tuning frames. Pigtail process executed at a prototype micro-system. The shifts of7.2 J.lm (X-direction) and 1.5 Jlm (Y-direction) as a result ofPWS and PRS are fully compensated for using laser-adjustment. Fig. 6 . Schematic presentation of an assembly designed for fiber-arrayto-photonic-chip pigtailing including laser-adjustment. Top: inner adjustable actuator module (B) which is mounted in the ""U-shaped" module (A) and after aligning is permanently fixed with the tuning frame (C). Module (B) consists of a parallelogram to enable linear movement of the fiber-array toward the chip facet. The other two linear, and one rotational, degrees of freedom are possible using three elastic pins, which are connected between module (A) and module (B). Any possible misalignments during the assembly procedure can be compensated for using laser-assisted adjustment of the inner actuator module (B) to the initial optimum position by introducing local strain in the tuning frame (C). (1) are mounted in a V-groove substrate (2) and the fiber ends are connected in separated tuning frames (3). These tuning frames enable positioning of the fiber tips using laser-adjustment.
Array configurations
Laser adjustment integration for fiber-array applications is realized with the assembly presented in Fig. 6 . The chip is mounted on module (A) and the fiberarray is mounted on the inner adjustable actuator module (B). With the tuning frame (C), it is possible to fix module (B) and to compensate for any PWS and PRS. Module (B) consists of a parallelogram to enable linear translation of the fiber-array towards the chip facet. The other two linear translations and one rotational degree of freedom are realized using three elastic pins, which are connected between modules (A) and (B). The position of the inner actuator module (B) can be adjusted using three temporarily connected piezo-electric actuators with active feedback. The position of module (B) relative to module (A) is also measured continuously using three noncontact displacement sensors based on inductive technology. Different types of photonic integrated circuits are pigtailed with this method. Successful alignment compensation on the order of 0.1 Jlm -3 Jlm is then established. A photograph of a complete packaged optoelectronic module is shown in Fig. 7 . Detailed information on the complete assembly procedure can be found in ref. [7] .
The maximum coupling efficiency between the lensed fiber tips of a fiber-array and waveguides is an average coupling loss, which results from a trade-off among the inaccuracies of the fiber-array, which result from the lenseccentricity of each individual fiber tip and the accuracy of the V-groove support. The average coupling loss is -6 dB I fiber tip-waveguide. To overcome the problem of core-eccentricity, we used laser-adjustment to assemble fiber-arrays whereby each individual fiber can be aligned independently. The design is shown in Fig. 8 . The fibers (1) are mounted in a V-groove substrate (2) and the fiber ends are mounted in separated adjust frames (3) . The accuracy of the fiber tip positions of the pre-assembled fiber-array was measured to be ± 8 Jlm. After the laseradjust process, the accuracy of the fiber-array is ± 0.25 Jlffi. Detailed information on this can be found in ref. [8] . The coupling losses of the lensed fiber tips and InP-based waveguides are improved from -6 dB to -3 dB. The laseradjusted, high precision arrays are mounted on commercially available 6-axis manipulation systems and their use has been demonstrated for multi-port photonic chip characterization within the COBRA Research Institute.
Discussion
We have demonstrated different proof-of-principle opto-electronic modules with the integration of alignment structures, allowing for laser-assisted adjustment. The alignment range is about 10 -20 Jlm with an accuracy of 0.1 Jlm. This is sufficient to compensate for PWS and PRS.
Most parts are manufactured using conventional methods, such as milling and drilling. The tuning frames are fabricated using electrical discharge machining. The total fabrication costs are mainly determined by the labor costs of manufacturing the specific handmade subcomponents and the assembly process of the modules. We continue this approach and foresee a major reduction of costs in further simplified one-piece module designs, which can be manufactured with punch and fold techniques. Also, automated feedback in combination with the laser adjustment mechanism moves this technology towards more advanced techniques for semimass or mass production.
